Musical knowledge is ubiquitous, effortless, and implicitly acquired all over the world via exposure to musical materials in one's culture. In contrast, one group of individuals who show insensitivity to music, specifically the inability to discriminate pitches and melodies, is the tone-deaf. In this study, we asked whether difficulties in pitch and melody discrimination among the tone-deaf could be related to learning difficulties, and, if so, what processes of learning might be affected in the tone-deaf. We investigated the learning of frequency information in a new musical system in tone-deaf individuals and matched controls. Results showed significantly impaired learning abilities in frequency matching in the tone-deaf. This impairment was positively correlated with the severity of tone deafness as assessed by the Montreal Battery for Evaluation of Amusia. Taken together, the results suggest that tone deafness is characterized by an impaired ability to acquire frequency information from pitched materials in the sound environment.
Introduction
Music is celebrated across all cultures and across all ages. Sensitivity to the basic principles of music is present regardless of formal musical training. The ubiquity of music begs the question of where our knowledge in music might originate at multiple levels of analysis:
1 At a computational level, what types of information are represented in music? At an algorithmic level, how is music represented? And at an implementation level, what are the brain structures that give rise to musical knowledge?
While these questions get at the core of music cognition and neuroscience, more generally, answers have been offered at many levels as well. Most would agree that part of musical competence is the ability to perceive pitch, 2 which is at least partially disrupted in tone-deaf (TD) individuals. 3, 4 But we also know that pitches do not exist in isolation, but are strung together with different frequencies and probabilities that give rise to structural aspects of music such as melody and harmony. Thus, the frequencies and probabilities that govern the cooccurrences of pitches are extremely important toward our understanding of the source of musical knowledge, and may offer a unified view between the constructs of pitch, melody, and harmony.
In the attempt to understand how knowledge of various musical constructs is acquired, researchers have pursued developmental approaches 5, 6 as well as cross-cultural approaches. 7, 8 However, both of these approaches are difficult to interpret: development unfolds with huge variability due to maturational constraints as well as differences in the complexities of environmental exposure, whereas cross-cultural differences may arise from multiple historical, cultural, and genetic and environmental causes. Even within the controlled environment of the laboratory, most test subjects have already had so much exposure to Western music that even people without musical training show implicit knowledge of the frequencies and probabilities of Western musical sounds as evidenced by electrophysiological studies. [9] [10] [11] To study the source of musical knowledge as it emerges de novo, we need a new system of pitches with frequencies and probabilities that are different from Western music, but that are not confounded by long-term memory and other factors. A new musical system would give us a high degree of experimental control, so that we can systematically manipulate the frequencies and probabilities within subjects' environment, and then compare TD and control subjects to see how TD individuals might differ in the way they learn the statistics of music.
To that end, in the past few years we have developed a new musical system based on an alternative musical scale known as the Bohlen-Pierce scale. 4, 12, 13 The Bohlen-Pierce scale is different from the existing musical systems in important ways. Musical systems around the world are based on the octave, which is a 2:1 frequency ratio; thus, an octave above a tone that is 220 Hz is 2 × 220 Hz = 440 Hz. The equal-tempered Western musical system divides the 2:1 frequency ratio into 12 logarithmically even steps, resulting in the formula F = 220 × 2 (n/12) , where n is the number of steps away from the starting point of the scale (220 Hz) and F is the resultant frequency of each tone. In contrast, the Bohlen-Pierce scale is based on the 3:1 frequency ratio, so that one "tritave" (instead of one octave) above 220 Hz is 3 × 220 Hz = 660 Hz, and within that 3:1 ratio there are 13 logarithmically even divisions, resulting in the formula F = 220 × 3 (n/13) . The 13 divisions were chosen such that dividing the tritave into 13 logarithmically even divisions results in certain tones, such as 0, 6, and 10 (each of which plugs into n in the Bohlen-Pierce scale equation to form a tone with a single frequency), which form approximate low-integer ratios relative to each other, so that when played together these three tones sound psychoacoustically consonant, i.e., "smooth" like a chord. Together, the numbers 0, 6, and 10 form the first chord. Three other chords can follow this first chord to form a four-chord progression. We can use this chord progression to compose melodies by applying rules of a finite-state grammar: 13 given the 12 chord tones that represent nodes of a grammar, each tone can either repeat itself, move up or down within the same chord, or move forward toward any note in the next chord. This can be applied to all of the 12 tones in the chord progression, resulting in thousands of possible melodies that can be generated in this new musical environment. We can also conceive of an opposite but parallel musical environment where we also have four chords, but they are in retrograde (reversed order). These two musical environments are equal in event frequency-that is, each note happens the same number of timesbut are different in conditional probability, in that the probability of each note given the one before it is completely different.
Having defined a robust system with which we can compose many possible melodies, we can now ask a number of questions with regard to music learning in TD individuals and controls. The first question we ask is: Can TD subjects learn from event frequencies of pitches in their sound environment? Frequency, also known as zero-order probability, represents the number of events in a sequence of stimuli. As an example in language, the word "the" has the highest frequency in the English language. In contrast to first-order and higher-order probabilities, which refer to the probabilities of events given other events that occur before them, zero-order probability is simply a count of the occurrence of each event given a corpus of input.
Frequency information is an important source of musical knowledge 14 as well as linguistic knowledge and competence. 15, 16 Sensitivity to frequency and probability in music has been demonstrated using behavioral 17 and electrophysiological techniques. 12, 18 In particular, the probe tone paradigm is a reliable behavioral indicator of sensitivity or implicit knowledge of event frequencies in music, so much so that it has been described as a functional listening test for musicians. 19 In this study, we compared frequency learning performance between TD subjects and controls by using the probe tone test 17 adapted for the new musical system. 13 
Methods

Subjects
Sixteen healthy volunteers, eight TD individuals and eight non-tone-deaf (NTD) controls, were recruited from schools and online advertisements from the Boston area for this study. The two groups were matched for age (mean ± SE: TD = 27 ± 1.0, NTD = 26 ± 2.1), sex (TD = five females, NTD = four females), amount of musical training (TD = 1.8 ± 1.3 years, NTD = 1.3 ± 0.8 years), and scaled IQ as assessed by the Shipley scale of intellectual functioning 20 (TD = 117 ± 2.6, NTD = 118 ± 2.0). However, pitch discrimination, as assessed by a threeup one-down staircase procedure around the center frequency of 500 Hz, showed significantly higher thresholds in the TD group (TD = 24 ± 10.7 Hz, NTD = 11 ± 3.4 Hz), and performance on the Montreal Battery for Evaluation of Amusia (MBEA) was significantly impaired in the TD group (average performance on the three melody subtests (scale, interval, and contour): TD = 63 ± 3%, NTD = 85 ± 2%), thus confirming that the TD group was impaired in pitch and melody discrimination.
Stimuli
All auditory stimuli were tones in the new musical system, which were based on the Bohlen-Pierce scale as outlined in the introduction (see also Ref. 13) . Each tone was 500 ms, with rise and fall times of 5 ms each. Melodies consisted of eight tones each, and a 500 ms silent pause was presented between successive melodies during the exposure phase. All test and exposure melodies were generated and presented using Max. 21 
Procedure
The experiment was conducted in three phases: pretest, exposure, and posttest. The pre-exposure test was conducted to obtain a baseline level of performance prior to exposure to the new musical system. This was followed by a half-hour exposure phase, during which subjects heard 400 melodies in the new musical system. After the exposure phase, a posttest was conducted in the identical manner as the pretest. The pre-and posttests consisted of 13 trials each in the probe tone paradigm. 17 In each trial, subjects heard a melody followed by a "probe" tone, and their task was to rate how well the probe tone fit the preceding melody. Probe tone ratings were done on a scale of 1-7, 7 being the best fit and 1 being the worst. Previous results had shown that the profiles of subjects' ratings reflect the frequencies of musical composition. 17 
Data analysis
Ratings from both pre-and posttests were regressed on the exposure corpus (i.e., the "ground truth") to obtain a single r-value score as a measure of performance in frequency matching. Postexposure test scores (r-values) were then compared against the pre-exposure scores to assess learning due to exposure. Finally, pre-exposure and postexposure test scores were compared between groups to determine whether TD subjects were indeed impaired in learning frequency information. In an additional analysis, the melodic context used to obtain the probe tone ratings was partialed out from the correlation between pre-or postexposure ratings and the exposure corpus, such that the contribution of the melody presented before the probe tone ratings was removed. 13 The resultant partial-correlation scores were again compared before and after exposure, and between TD and NTD groups. Figure 1A shows the results of NTD control subjects' ratings done before exposure, whereas Figure 1B shows the same subjects' ratings after exposure. The exposure profile ("ground truth") is plotted in black for comparison purposes in both cases. Compared to pretest ratings, posttest ratings are more highly correlated with exposure, suggesting that within half an hour of exposure, subjects acquired sensitivity to the frequency structures of the new musical system. In contrast, ratings by the TD individuals were not so highly correlated with exposure ( Fig. 2A shows pre-exposure ratings; Fig. 2B shows postexposure ratings). When the two groups of subjects are compared in their frequency-matching scores (calculated as an r-value expressing the correlation between ratings and exposure profile; Fig. 3) , it becomes clear that the controls acquired sensitivity to tone frequencies after exposure as evidenced by the improvement in correlation between probe tone ratings and exposure, whereas TD individuals showed no such improvement, suggesting that TD individuals are impaired in frequency learning.
Results
A t-test comparing pre-and postexposure frequency-matching scores was significant (t(15) = 2.55, P = 0.022) for NTD controls, confirming successful learning in the controls (Fig. 1 ). In contrast, TD subjects were unable to learn the frequency structure of the new musical system, as shown by ratings that were uncorrelated with exposure frequencies both before and after exposure (Fig. 2) , as well as statistically indistinguishable performance between pre-and postexposure frequency-matching scores (t(15) = 1.41, P = 0.18). A direct comparison of postexposure frequency-matching scores between TD subjects and controls was significant (t(15) = 2.25, P = 0.038), confirming that TD individuals performed worse than controls after exposure (Fig. 3) . With small sample sizes with nonparametric distributions, the Friedman test is appropriate as an alternative to the two-way analysis of variance (ANOVA). The Friedman test is marginally significant for the correlation scores (Q(28) = 3.45, P = 0.06); however, when the effects of the melodic context are partialed out, then the Friedman's is highly significant (Q(28) = 22.6, P < 0.001), suggesting that NTD controls learned the frequency structure of the new musical system, whereas the TD subjects did not.
If tone deafness is truly linked to a disrupted ability to learn from the event frequencies of different pitches, then individuals who are more TD should be worse learners. To test the hypothesis that individuals who are more severely TD might be more severely impaired in frequency learning, we correlated the performance score (r-values) in the postexposure test with the scale subtest of the MBEA. 22 Results showed a significant inverse correlation between MBEA score and learning performance score (Fig. 4) . This confirms that the more severely TD subjects are less able to learn the event frequencies of pitches from exposure, consistent with the hypothesis that tone deafness is characterized by the inability to acquire the frequency structure of music.
Discussion
While NTD subjects learned the frequency structure of the new musical system within half-an-hour of exposure, TD individuals failed to learn the same frequency structure. Furthermore, learning scores as obtained from the present frequency-matching probe tone task is correlated with the MBEA, confirming that the impairment of the statistical learning mechanism is related to the severity of tone deafness.
Taken together, the results suggest that insensitivity to musical pitch in the TD could arise from learning difficulties, specifically in the learning of event frequency information. To answer our original question of what gives rise to the lack of musical knowledge in the TD population, we have shown that TD individuals, who possess known disabilities in pitch perception, are also impaired in frequency learning (but not necessarily in probability learning). This frequency learning ability is crucial in music acquisition as frequency information governs how pitches are combined to form melodies and harmonies, structural aspects of music that are fundamental to the perception and cognition of music.
One important design aspect of the current study is that it distinguishes frequency learning from probability learning, a distinction that has been made in the previous literature on language acquisition. 23 While conditional probability (also known as firstorder probability, i.e., the probability that one event follows another) is important for speech segmentation 16 and is most commonly tested in statistical learning studies, event frequency (also known as zero-order probability, i.e., the number of occurrences within a corpus) is important in language for word learning 24, 25 as well as in music for forming a sense of key. 26 Sensitivity to frequency information can be assessed using the probe tone ratings task. 14, 17, 19 The present results show that sensitivity to event frequency is impaired in tone deafness; in this regard, our results dovetail with results from Peretz, Saffran, Schön, and Gosselin (in this volume), who show an inability to learn from conditional probabilities among congenital amusics. At a computational level, results relate to languagelearning abilities and provide further support for the relationship between tone deafness and languagelearning difficulties such as dyslexia. 27 At an implementation level, results on the learning of the new musical system are compatible with diffusion tensor imaging results that relate pitch-related learning abilities to the temporal-parietal junction in the right arcuate fasciculus, 28 thus offering a possible neural substrate that enables the music-learning ability.
Taken together, the current results contribute to a growing body of literature in linking music learning to language learning, and more specifically in linking tone deafness-a type of musical disabilityto learning disorders that are frequently described in language development. By investigating the successes and failures in which our biological hardware enables us to absorb the frequencies and probabilities of a novel musical system, we hope to capture both the universality and the immense individual variability of the human capacity to learn from events in our sound environment.
